MicroRNAs (miRNAs) relevant to acute lymphoblastic leukemia (ALL) in children are hypothesized to be largely unknown as most miRNAs have been identified in non-leukemic tissues. In order to discover these miRNAs, we applied high-throughput sequencing to pooled fractions of leukemic cells obtained from 89 pediatric cases covering seven well-defined genetic types of ALL and normal hematopoietic cells. This resulted into 78 million small RNA reads representing 554 known, 28 novel and 431 candidate novel miR genes. In all, 153 known, 16 novel and 170 candidate novel mature miRNAs and miRNA-star strands were only expressed in ALL, whereas 140 known, 2 novel and 82 candidate novel mature miRNAs and miRNA-star strands were unique to normal hematopoietic cells. Stem-loop reverse transcriptase (RT)-quantitative PCR analyses confirmed the differential expression of selected mature miRNAs in ALL types and normal cells. Expression of 14 new miRNAs inversely correlated with expression of predicted target genes (À0.49p Spearman's correlation coefficients (Rs)pÀ0.27, Pp0.05); among others, low levels of novel sol-miR-23 associated with high levels of its predicted (antiapoptotic) target BCL2 (B-cell lymphoma 2) in precursor B-ALL (Rs À0.36, P ¼ 0.007). The identification of 41000 miR genes expressed in different types of ALL forms a comprehensive repository for further functional studies that address the role of miRNAs in the biology of ALL.
Introduction
In the early nineties, microRNAs (miRNAs) of B21-nucleotide length were discovered in the nematode Caenorhabditis elegans.
1,2 As miRNAs were initially regarded to be specific for the worm, it took geneticists till the next decade to recognize that this novel gene-regulatory mechanism was also part of humans. 1 The importance of this highly conserved, non-proteincoding class of small RNA became evident upon studies showing that they regulate the activity of many protein-coding genes. 3 These miRNA-targeted genes include tumor suppressors and oncogenes that are regulated by base pairing of the mature miRNA with the complementary mRNA. This results in mRNA cleavage, translational repression or deadenylation. 3, 4 MiRNAs are expressed in a tissue-specific fashion. 5 Hematopoietic cells display other miRNAs than other tissues. For example, miR-142 is mainly expressed in hematopoietic cells, 6 whereas miR-192, miR-194 and miR-215 are abundantly present in the gut 5 and miR-372 is highly characteristic for testis. 7, 8 In leukemia, both lineage (for example myeloid and lymphoid) and genetic type specific (for example, t(8;21), MLL-rearranged and TEL-AML1-positive), miRNA signatures have been found by us and others. 5, [9] [10] [11] [12] [13] As miRNAs have tumor-suppressor and oncogenic capacity, the discovery of leukemia-related miRNAs may give insight into the biology of disease. Detection of differences in expression levels of miRNAs is limited by the knowledge of previously identified miRNAs, often discovered in nonleukemic tissues. These types of expression analyses may miss miRNAs being relevant for leukemia. Today, over 900 miRNAs (www.mirbase. org) have been discoveredFmostly by cloning followed by conventional sequencing and computational prediction.
14 Highthroughput or deep sequencing of small RNA fractions may result in the discovery of many more miRNAs, as this technique has increased sequencing depth over the conventional method, and current estimates predict as many as 1000 to 25 000 miRNAs present in humans. [15] [16] [17] In this study we applied Solexa high-throughput sequencing 18 on small RNA fractions isolated out of 70 cases covering seven different types of pediatric acute lymphoblastic leukemia (ALL) and 19 cases covering three types of normal hematopoietic cells. This technique yielded B8 million small RNA reads in each leukemia type and control group. Bioinformatic analysis revealed that these reads correspond to 554 known, 28 novel and 431 candidate novel miR genes that have not been previously published in miRBase (www.mirbase.org). A selection of 22 novel and candidate novel miRNAs were validated by stem-loop reverse transcriptase (RT) real-time quantitative PCR (stem-loop RT-qPCR). Of these miRNAs, 17 were differentially expressed between genetic types of ALL and normal cells. Moreover, expression levels of new miRNAs inversely correlated to mRNA expression levels of predicted target genes. This study provides expression signatures of known, novel and candidate novel miRNAs per subtype of leukemia that can serve as repository for further functional studies in the type of cells they were discovered.
Materials and methods

Patient samples
Bone marrow and peripheral blood was collected from children with newly diagnosed ALL. Mononuclear cells of these samples were isolated and enriched as previously described. 19, 20 All leukemia samples contained X90% leukemic cells as determined by May-Grü nwald-Giemsa (Merck, Darmstadt, Germany)-stained cytospins. Flow cytometry was used to determine the immunophenotype (precursor B-ALL or T-ALL). Fluorescence in situ hybridization and RT-PCR techniques allowed the screening of the genetic type, and conventional karyotyping was used to analyze the ploidy status of ALL cases. For each ALL type, 10 patients were included, that is, MLL-rearranged, TEL-AML1-positive, BCR-ABL-positive, E2A-PBX1-positive, hyperdiploid (450 chromosomes), B-other (negative for the five mentioned genetic aberrations) and T-ALL. To study miRNAs in normal hematopoietic counterparts, sorted fractions representing different stages of B-cell and T-cell differentiation are preferred. However, these sub-populations are rare and require large amounts of starting material. Alternatively, sucrose-gradient processed normal bone marrow (n ¼ 10 children), CD34-positive cells (490% purity) sorted from granulocyte-colony-stimulating factor-stimulated blood samples of children suffering from a solid tumor without bone marrow involvement (n ¼ 4) and thymocytes extracted from thymic lobes resected from children during surgery for their congenital heart disease (n ¼ 6) were included. 11, 21 All samples were collected after approval of the institutional review board and informed consent from parents or legal guardians.
High-throughput sequencing of miRNAs
Total RNA was extracted with TRIzol reagent (Invitrogen, Leek, The Netherlands) according to the manufacturer's protocol. The quality of RNA samples was measured on the 2100 Bioanalyzer (Agilent, Amstelveen, The Netherlands). Only RNA samples with RNA Integrity Number X7.5 were used for further processing. Each ALL subtype-representing library was constructed using pooled RNA extracted from 10 individual patients. For each of the normal hematopoietic tissues, RNA of 3 (CD34 þ -sorted cells), 10 (normal bone marrow) and 6 (thymocytes) fractions was pooled. A total of 10 mg of each RNA library was size fractioned on a 15% Tris-borate-EDTA gel. Small RNAs of 18-30 nucleotides were excised out of gel and each fraction was amplified by RT-PCR using the Small RNA Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. DNA concentration and size was checked on a 2100 Bioanalyzer. Next, 2 to 3 pM of small DNA was loaded onto a flow cell and these fractions were sequenced using the Illumina genome analyzer GAII based on Solexa sequencing technology. Raw sequences of small RNAs were computational analyzed to identify miRNAs as described below.
Computational analysis of small RNA sequences
Following trimming of adaptor sequences, small RNA sequence reads were mapped to the genome of human and other species. Sequences were aligned to Ensembl (release 56/GRCh37 assembly), UCSC (GRCh37/hg 19) and miRBase version 14. If the small RNA sequence read appeared to be non-protein coding, flanking sequences of 100 nucleotides on either side of the small RNA were extracted for further computational analysis. The potential miRNA precursors were then computationally folded into hairpin structures and tested for a set of features derived from known miR genes in order to identify putative novel miRNAs (Table 1 and Figure 1 ). The features used to identify miRNAs were based on experience in the identification of miRNAs by the previous work of Berezikov et al. [22] [23] [24] Details can also be found on the website www.internagenomics.com. [22] [23] [24] We have normalized the read frequencies of miRNAs by dividing the number of absolute read sequences (numerator) by the sum of total miRNA sequence reads (denominator) per subtype. The total sum of sequence reads represents the reads of known miRNAs, novel miRNAs and candidate novel miRNAs. Raw data sets can be found at the Short Read Archive (SRA) of the NCBI website (www.ncbi.nlm. nih.gov/sra, accession number SRP005294). Novel and candidate novel miRNA reads are designated as sol-miR (of Solexa) followed by a sequential number throughout this paper. For new sol-miRs that have been approved by MiRBase, the official Table 1 Features of the identified sequence used to determine the confidence level of novel miR genes miRBase identification number has been added to Tables 2 and 3 and Supplementary Tables S2 and S5 . For known miRNAs, the official miRBase identification number has been used.
SPOTLIGHT
Expression analysis of novel miRNAs and mRNA transcripts
The expression of miRNAs was validated by stem-loop RT-qPCR as described elsewhere. 11 Specific stem-loop RT-PCR primer and probe combinations were designed for 22 novel and candidate novel miRNAs by Applied Biosystems (Foster City, CA, USA). 25 Expression levels were validated in seven MLL-rearranged patients and eight cases of each of the following leukemia types: TEL-AML1-positive, BCR-ABL-positive, E2A-PBX1-positive, hyperdiploid, B-other and T-ALL cases. Expression levels in normal hematopoietic cells were determined in six normal bone marrow, four CD34 þ -sorted and six thymocyte fractions. Each RT-qPCR reaction was performed in duplicate with 5 ng of RNA as input. 11 Endogenous small nucleolar RNA 1 (RNU24) was used as reference for the RNA input as the expression of this reference showed limited variation among different types of ALL. 12 All RT-qPCR reactions were performed according to the manufacturer's instructions on an Applied Biosystems 7900HT system.
Previously published data sets of pediatric ALL cases (using Affymetrix U133 plus 2.0 GeneChips, Santa Clara, CA, USA) were used to determine the transcript levels of predicted target genes. This data set has been deposited at the NCBI's GEO 26 and is accessible through GEO series accession number GSE 13351. Data were extracted and normalized as described before. 27 
Statistics
Sequence reads were normalized by dividing the absolute read number per miRNA by the total number of miRNA (novel, candidate novel and known) reads per library to obtain a read frequency (%). Read frequencies and levels of miRNA expression were compared between types of ALL patients using the Mann-Whitney U-test. P-values were considered significant at Pp0.05 level (two tailed).
Results
MiRNAs identified by high-throughput sequencing in ALL and normal hematopoietic cells High-throughput sequencing was performed on small RNA fractions representing seven types of pediatric ALL (T-ALL, TEL-AML1-positive, MLL-rearranged, BCR-ABL-positive, E2A-PBX1-positive, hyperdiploid and other precursor B-ALL patients negative for the major cytogenetic aberrations), and three normal tissues that is, normal bone marrow, CD34 þ -positive cells and thymocytes. The sequencing of these 10 small RNA libraries yielded a total number of 78 million sequence reads that entered a computational pipeline. This pipeline was used to distinguish miRNA sequences from other small RNAs. The criteria used to identify miRNA sequences and predict precursor hairpin structures were based on previous work by Berezikov et al. [22] [23] [24] In short, sequences were mapped to the human genome available in Ensembl (release 56/GRCh37 assembly) and UCSC (GRCh37/hg19). Sequences that did not map to protein-coding mRNA or to known small RNAs (including transfer RNA, ribosomal RNA, small nuclear and small nucleolar RNA) were further explored. Flanking sequences of 100 nt on both sides of a potential miRNA were retrieved from Ensembl (release 56/GRCh37 assembly). The small RNA and its flanking sequences were computationally folded into a hairpin structure, which was tested for a set of features that was previously used to define yet published and mainly evolutionary conserved miR genes ( Table 1 ). The number of assigned good and bad features determined the likelihood (confidence level) of the small sequence to represent a true miR gene. The highest likelihood that a small RNA sequence represented a novel miRNA was obtained if the predicted precursor had at least two out of three good features and lacked bad features: these are depicted as novel miRNAs and fulfilled highly stringent criteria covering among others the length of mature miRNA, a minimal number of reads in at least one library, and predicted Drosha and Dicer cut sites (Table 1) . Second in line are those predicted precursor sequences with one bad and at least two good features, as well as those without bad features but with one good feature: depicted as candidate novel miRNAs. All other hairpins may include potential (novel) miRNAs but do not fit these stringent criteria and are therefore called miRNA-other (Table 1) .
Of the sequence reads, 80% were identified as known miRNAs, which indicates that the pre-fractioning of 18-30 nucleotide RNAs by gel electrophoresis is suitable to extract miRNAs from total RNA ( Figure 2 ). In all, 14 866 reads (0.03%) represented novel and candidate novel miRNAs. Some reads (0.5%) were mapped to new locations on the genome while they encoded known miRNAs or their antisense transcript (complementary to the mature miRNA but encoded on the other DNA strand and therefore ruled out as star strand). These reads were categorized as homolog to known miR genes. Of the sequences, 2% was assigned as miRNA-other structures (lowest confi-
SPOTLIGHT
Dicer overhang Drosha overhang mature miRNA miRNA star loop stem stembase Figure 1 Parameters used to identify novel miRNAs. Small cloned RNA sequence reads are mapped to the human genome and the putative precursor is extracted by taking the miRNA sequence and the 100 nucleotides flanking sequence on either side of the miRNA. The precursor sequence is then computational folded into a hairpin structure, from which features are deduced as mentioned in Table 1 to identify the likelihood for a novel miRNA. Table 2 Read frequency of 28 mature miRNAs and 12 miRNA-star forms (encoded by 28 novel miR genes) identified in different types of ALL and normal hematopoietic cells Read frequency: the number encoding novel mature miRNAs and star miRNAs (miRNA*s) plotted as a percentage of total miRNA reads multiplied by a factor 10 4 . Read frequencies that are shown have been normalized by dividing the absolute number of reads by the total number of miRNA reads for each specific subtype (total number equals the sum of known miRNA reads+novel miRNA reads+novel candidate miRNA reads).
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SPOTLIGHT
Deep 
In each ALL type, 5-10 million small RNA sequence reads were analyzed. Figure 3 summarizes the number of reads corresponding to known and newly identified miRNA sequences in different ALL types, for example, 9 246 296 out of 10 315 285 of small RNA reads in BCR-ABL-positive ALL patients were representing known miRNA sequences, whereas 194 and 2008 reads represented novel and candidate novel miRNAs, respectively. Strikingly, TEL-AML1-positive ALL patients displayed B10-fold more reads of novel miRNAs than other types of ALL. In total, high-throughput sequencing revealed 895 unique miRNA sequences representing 470 known, 28 novel and 397 candidate novel mature miRNAs. Moreover, 372 known, 12 novel and 39 candidate novel miRNAstar forms (miRNA*) were detected ( Figure 3 The read frequency of the 28 novel mature miRNAs and 12 novel miRNA-star forms in ALL and normal hematopoietic cells is illustrated by Table 2 and Supplementary Table S2 . The novel mature sol-miR-35 was detected in TEL-AML1-positive but not in other ALL types nor in normal hematopoietic cells, and therefore may be unique for this type of ALL (Table 2 ). Most miRNAs, however, are not restricted to one specific type of ALL ( Table 2 ). In all, 4 out of 28 (14%) novel mature miRNAs and 6 out of 12 (50%) miRNA-star forms were detected in ALL but not in normal bone marrow and CD34 þ fractions (Table 2 and  Supplementary Table S5 ). Sol-miR-14* was exclusively found in T-lineage cells (T-ALL and thymocytes, Table 2 ). Six mature miRNAs and four miRNA-star forms were found in T-ALL but not in thymocytes and one mature miRNA (novel sol-miR-39) was present in thymocytes but not in T-ALL. Overall, 16 novel, 170 candidate novel and 153 known mature miRNAs/miRNAstar strands were uniquely found in ALL, whereas 2 novel, 82 candidate novel and 140 known mature miRNAs/miRNA-star forms were unique for normal hematopoietic counterparts (Supplementary Tables S5-S7) . Hence, this indicates that miRNAs and miRNA-star forms are differentially expressed in ALL compared with normal hematopoietic cells.
Novel miRNAs with highest read frequencies are shown in Table 3 for each ALL type. Overall, the read frequency of novel miRNAs was tenfold lower than of known miRNAs (Figure 4a Figure 3 Overview of known and novel miRNAs in ALL types and normal hematopoietic cells. At the left, the total numbers of small RNA sequence reads are listed. At the right, the numbers of unique miR genes encoding mature miRNAs and miRNA-star forms (miRNA*s) are depicted. New miRNAs in both panels represent novel and candidate novel sequences (see Materials and methods section for explanation of used features). *For E2A-PBX1 and HD (hyperdiploid), 2 pM was loaded, whereas for other libraries 3 pM was used. Other RNA category represents all other small RNAs not belonging to the categories mentioned above. See Table 1 for details of used features to determine the confidence level of predicted miRNAs.
Deep sequencing of miRNA in pediatric ALL D Schotte et al S1 and S2 report the detection of novel and known miRNAs in different species. Whereas novel miRNAs are often present in two other species besides humans (for example, chimpanzee, macaque, mouse, rat or zebrafish), yet known miRNAs are frequently present in four of these species (Figure 4b , Supplementary Tables S1 and S2, Po0.0001).
Newly discovered miRNAs are aberrantly expressed in different types of ALL Stem-loop RT-qPCR confirmed that known miRNAs with high read frequencies, for example, miR-361-3p, miR-196b and miR-708, were abundantly expressed in ALL. Moreover, similar to the read frequencies, these miRNAs were differentially expressed between genetic types of ALL ( Figure 5a-c) ; miR-361-3p was threefold higher (Po0.001) expressed in hyperdiploid cases than in other precursor B-ALL cases, miR-196b was B500-fold higher (Po0.001) expressed in MLL-rearranged compared with non-MLL-rearranged precursor B-ALL cases and miR-708 was B300-fold and 3000-fold downregulated (Pp0.002) in MLL-rearranged and T-ALL cases, respectively. The expression level of 10 novel and 12 candidate novel miRNAs (Supplementary Tables S2 and S3 ) was also measured with stem-loop RT-qPCR (Figures 5d-f and Supplementary Figure S1 ). The expression levels of 5 out of 22 selected new miRNAs were below detection limits of real-time qPCR (that is, comparative cycle threshold (C t ) 440, corresponding to o0.001% of snoR-1 levels). The remaining 17 (candidate) novel miRNAs were differentially expressed between ALL types (Supplementary Figure S1) . Although novel sol-miR-6 had a relative low read frequency of 0.7 Â 10 À4 to 86 Â 10
À4
% of total miRNAs in ALL (Table 2) , RT-qPCR analysis showed that this miRNA was median ninefold higher expressed in TEL-AML1-positive patients than in precursor B-ALL cases without this translocation (P ¼ 0.02, Figure 5d ). Sol-miR-11 was threefold upregulated in E2A-PBX1-positive cases compared with other precursor B-ALL patients, whereas this miRNA was undetectable (that is, o0.001% of snoRNA-1 input) in MLL-rearranged cases (P ¼ 0.02, Figure 5e ).
RT-qPCR analysis of novel miRNAs also confirmed the differential expression of miRNAs between ALL and normal hematopoietic cells: novel sol-miR-14 and sol-miR-23 were undetectable in most precursor B-ALL cases but expressed in normal bone marrow and CD34 þ cells (Pp0.02, Figure 5f and Supplementary Figures S1-D) . Similarly, sol-miR-30 was 4-to 17-fold lower expressed in precursor B-ALL than in CD34 þ -sorted cells and normal bone marrow (Po0.001, Supplementary  Figure S1-N) . In T-ALL, sol-miR-18 and sol-miR-16 were up to fivefold lower expressed than in healthy thymocytes (Po0.01, Supplementary Figures S1-F and -J) .
As miRNAs may inhibit translation of proteins by cleaving mRNA, aberrant expression of new miRNAs may affect the expression level of their mRNA targets. Targetscan 5.1 (www.targetscan.org) was used to predict these targets based on their homology to the 2-8 nucleotide seed sequence of each miRNA. Table 4 shows that the expression levels of 14 out of total 17 differentially expressed (candidate) novel miRNAs inversely correlated with the mRNA levels of predicted target genes for these miRNAs (À0.49 p Spearman's correlation coefficients (Rs) p À0.27, Pp0.05). Novel sol-miR-23 was predicted to target BCL2 (B-cell lymphoma 2) and a lower expression level of this miRNA correlated with higher expression level of BCL2 in patients (Rs À0.36, P ¼ 0.007, Table 4 , Supplementary Figure S2 ).
Discussion
High-throughput Solexa deep sequencing followed by computational analyses identified 554 known, 28 novel and 431 candidate novel miR genes being expressed in seven different types of childhood ALL and three types of normal hematopoietic cells. Validation of selected miRNAs by stem-loop RT-qPCR confirmed aberrant expression patterns in subtypes of ALL and normal cells. Expression levels of 14 newly discovered miRNAs were inversely correlated to the transcript level of predicted target genes. This points to new miRNAs that may contribute to the biology of ALL and are therefore plausible candidates for more detailed functional studies.
MiRNA expression levels and function highly depend on the cellular context in which they are studied, including type of tissue, hematopoietic lineage and/or the presence of genomic translocations. For example, miR-221 and miR-222 are downregulated in erythroblastic leukemia but overexpressed in chronic lymphocytic leukemia. 28 MiR-221 and miR-222 inhibit growth of erythroblastic leukemia cells by targeting the oncogene c-KIT, suggesting a tumor-suppressor function for both miRNAs. However, the same miRNAs were reported to stimulate proliferation in thyroid and hepatocellular carcinomas through dowregulation of the tumor-suppressor genes PTEN and p27, implying that both miRNAs can also serve a oncogenic role. 28 As the function of miRNAs is cell-type dependent and most known miRNAs have been discovered in non-leukemic/ non-hematopoietic cell types, we hypothesized that many miRNAs of interest to ALL are yet unknown. Because arraybased expression techniques are limited to known miRNAs, we chose for sequencing of expressed miRNAs to address this hypothesis in well-defined types of pediatric ALL and normal hematopoietic cells. The contemporary deep sequencing technique enables simultaneous sequencing of millions of small RNA reads and is by far more sensitive to identify miRNAs than Sanger-based sequencing of conventional small RNA concatemer-cloning products like we and others previously used. 11, [29] [30] [31] For example, 10 mg of total RNA input results in up to 10 million reads by high-throughput sequencing in contrast to B1100 reads by conventional cloning methodology.
11 Therefore, highthroughput sequencing of small RNAs expressed in leukemic cells is currently the most sensitive approach to discover novel miRNAs that may be relevant to ALL.
In the present study we used well-defined and stringent criteria to define the confidence levels of identified miRNA sequences (Table 1 and Figure 1 ). In general, 16 novel, 170 candidate novel and 153 known mature miRNA/miRNA-star Table 4 Correlation between the expression level of the newly identified miRNAs and the expression level of their predicted targets Deep sequencing of miRNA in pediatric ALL D Schotte et al strands were only expressed in ALL, whereas 2 novel, 82 candidate novel and 140 known mature miRNA/miRNA-star strands were unique for normal hematopoietic cells (Supplementary Tables S5-S7 ). The number of novel and candidate novel miRNAs identified in this study is in correspondence with other high-throughput studies that used similar stringency criteria in melanoma, ovarian tissues and acute myeloid cell lines. [32] [33] [34] In addition, high-throughput sequencing of two libraries compiled of 3 pediatric (genotypically not defined) ALL cases and 2 normal bone marrow samples revealed 42 novel miRNAs of which 5 were unique to ALL and 22 exclusively detected in normal donor bone marrow cells. 35 In a recent study, seven new miRNAs were cloned from AML with normal karyotype. 36 These studies suggest that the number of novel miRNAs being identified is not expected to drastically increase upon additional high-throughput sequencing analyses of similar samples unless the criteria for identification of miRNAs are being altered upon new scientific insights into the structure of miRNAs. The ultimate proof for a genuine miRNA is given by the experimental evidence that a (candidate) novel miRNA precursor is being processed into a mature miRNA by an active Dicer machinery. 37 The stem-loop RT-qPCR can be used for this purpose as it selectively detects expression levels of processed mature miRNAs. 25 In the present study we confirmed 17 out of 22 tested novel miRNAs as being genuine. The other five tested were below detection limits of stem-loop RT-qPCR, which can be indicative for a less efficient (stem-loop) primer design and/or the fact that a predicted miRNA is not a true miRNA.
SPOTLIGHT
In general, novel and candidate novel miRNAs were expressed at lower levels than known miRNAs (Figure 4 ). Despite this reduced average of expression, individual cases and/or specific subtypes can display relative high levels of newly identified miRNAs; for example, sol-miR-6 in a subset of E2A-PBX1-positive and TEL-AML1-positive ALL cases ( Figure 5 and Supplementary Figure S1 ). The fact that novel and candidate novel miRNAs were not previously detected in other tissue types may point to miR genes being selectively expressed in genetic subtypes of leukemia and/or normal hematopoietic cells. A similar heterogeneity among patients was observed for the known miRNA196b. Among MLL-rearranged and T-lineage ALL cases, miR-196b expression was specifically upregulated in cases with genetic lesions that affect HOXA-cluster gene activities that is an important leukemogenic event in these subtypes. 13 In correspondence to the relative low expression levels, the read frequency of novel miRNAs was much lower than those of known miRNAs (Figure 4) . The most abundantly expressed miR genes across all studied types of ALL include let-7 family members. These let-7 family miRNAs were also highly expressed in normal bone marrow cells, CD34 þ hematopoietic precursor cells and thymocytes (see Supplementary Table S1 ). Also, in other tissues the let-7 family is abundantly expressed, suggesting a general, non-cell type-specific function of let-7 miRNAs in gene transcription. 5, 38, 39 The fine tuning may come from less abundantly but more cell type-specific miRNAs. Strikingly, we identified a higher frequency of sequence reads for novel miRNAs in TEL-AML1-positive patients compared with other precursor B-ALL types. This may suggest that miRNAregulated gene expression is more active in TEL-AML1-positive patients compared with the other types of B-lineage ALL. Of particular interest are the known miR-125b, miR-126* and miR-383 (Supplementary Tables S4) and the newly identified sol-miR-6 in TEL-AML1-positive ALL, the latter being recently also found in ovarian tissue and that is now called miR-3150b (Tables 2 and 3) . 32 Based on the seed sequence of the newly identified miRNAs (for example, UGUGGCU for sol-miR-23), Target scan 5.1 was used to predict the target genes of these miRNAs (www.targetscan.org). The expression of 14 newly identified miRNAs negatively correlated with the expression of 61 target genes, which may point to the functionality of these newly identified miRNAs (Table 4) . Novel sol-miR-23 (recently annotated by miRBase as hsa-mir-4474 (www.mirbase.org) was 6-and 10-fold lower expressed in precursor B-ALL than in normal bone marrow and CD34 þ -sorted cells, respectively (Figure 5f ). A decrease in sol-miR-23 was linked to an increase of mRNA levels of its predicted target BCL2 (Table 4 and Supplementary  Figure S2 ). High expression level of BCL2 is shown to have potential oncogenic effects at critical stages of differentiation 40 and may affect resistance to cytotoxic drugs. 41 Although high level of BCL2 expression may not cause resistance to chemotherapy in leukemia, 42 BCL2 expression may promote BCR-ABL1-dependent leukemogenesis. 43 MiRNAs can reduce protein expression levels, both by mRNA degradation and by translational silencing (without need for mRNA degradation). 44 Therefore, a lack of an inverse correlation between miRNA and mRNA levels of predicted target genes does not exclude an inhibitory role for the miRNA in protein translation. To discover targeted genes, proteome-wide screens of altered protein levels upon miRNA manipulation are wishful, but unfortunately these technologies are still in its infancy. Alternative methods based on interaction between miRNA/ mRNA and/or an RNA-induced silencing complex such as Ribonucleoprotein ImmunoPrecipitation-gene chip (RIPchip) 45 ,46 and 3 0 -untranslated region-binding luciferase assays 47 may be informative. However, these techniques often yield false positive information because of artificial (binding) conditions in the experimental procedures.
In conclusion, high-throughput sequencing of 7 well-characterized ALL types and 3 normal hematopoietic cell fractions (representing 70 and 19 cases, respectively) resulted in the discovery of 28 novel and 431 candidate novel miR genes besides 554 yet described miR genes. Subsequent stem-loop RT-qPCR confirmed aberrant expression levels of newly discovered miRNAs in ALL types and normal hematopoietic cells. Hence, the presented data form a comprehensive basis for further functional studies in order to understand the role of miRNAs in pediatric ALL.
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